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System-of-systemsAbstract To balance the contradiction between comprehensiveness of system-of-systems (SoS)
description and cost of modeling and simulation, a non-uniform hybrid strategy (NUHYS) is pro-
posed. NUHYS groups elements of an SoS operation into system community or relatively indepen-
dent system based on contributors complexity and focus relationship according to the focus of SoS
problem. Meanwhile, modeling methods are categorized based on details attention rate and
dynamic attention rate, seeking for matching contributors. Taking helicopter rescue in earthquake
relief as an example, the procedure of applying NUHYS and its effectiveness are verified.
 2016 The Authors. Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Since the concept of system-of-systems (SoS)1–5 was intro-
duced into the area of military by Owens1 in 1996, the impact
of SoS on design and application of new flight vehicle has
received an increasing attention. And the influence has
extended from military vehicles to airliner,6–9 maritime appli-
cations10 and other civilian fields. Actually, SoS has penetrated
into every major phase of the vehicle life-cycle. For example,the design requirements in conceptual design phase are obvi-
ously determined according to the operations to be performed.
In addition, the effectiveness of these operations should also be
considered in the process of design parameter selection and
design evaluation. These operations are usually complex and
have the characteristics of SoS,2 so they are called SoS opera-
tions for short in this research. Moreover, to make an optimal
decision in the process of application, users, especially com-
manders, must take into account both performances of a flight
vehicle and situation of current operation. Although crucial
factors are related to a wide range of SoS operations, the atten-
tion of designers or users is basically focused on flight vehicle
itself, so this type of operations can be called ‘‘flight vehicle
focused SoS operations”.
Modeling and simulation (M&S) has been applied as an
effective way for designers and users (hereinafter generally
referred to as decision-makers) to grasp the rules of SoS and
then make a reasonable and optimal decision through plenty
of ‘‘what-if” studies. Extensive researches on this subject have
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ies of researches on technology assessment and stochastic SoS
modeling by Georgia Institute of Technology10,11 and the SoS
design of airliner and unmanned aerial vehicle by Purdue
University.12–15 All of these works targeted at flight vehicle
focused SoS operations and show some common features, such
as involving the uncertainty and discontinuities, simplifying
the calculation procedure by surrogate models and applying
various modeling methods such as agent,10,14 mixed integer
nonlinear programming,12 network theory,14,15 etc.
However, the scale of most SoS operations in available lit-
eratures is relatively limited for the reason that many intricate
‘‘stories” behind an SoS operation are simplified. For example,
the emergence of hostile time-sensitive targets may be driven
by ground combat, and marine perils might be the impact of
atrocious weather on a fleet. Obviously, unfolding these stories
will make decision-makers get a more complete SoS operation
picture and more accurate information, leading to more rea-
sonable decisions. However, this will also increase complexity
of SoS and raise the cost of M&S.
Balancing the contradiction between comprehensiveness of
SoS description and cost of M&S is the major objective of this
research, and two basic points provide the research idea: (1) as
for flight vehicle focused SoS operations, there is no need to
put equal attention on every factor involved; (2) different mod-
eling methods differ in abstract level and computational com-
plexity. Based on these points, a method named non-uniform
hybrid strategy (NUHYS) was proposed, which provides a
new approach to architect and model flight vehicle focused
SoS operations through three major steps, i.e., grouping, cate-
gorizing and matching, which will be described in detail in the
following sections. In order to illustrate the detailed procedure
and validity of NUHYS, a helicopter rescue in the case of
earthquake relief is discussed and analyzed profoundly.
2. Concept and methodology of NUHYS
2.1. System community based grouping
Architecting is the basis of modeling an SoS operation. One of
the common forms of architecting SoS is a top-down or
bottom-up hierarchy in aerospace related researches. For
instance, de Laurentis et al.16,17 established a taxonomy with
a hierarchy which consists of a, b, c and d levels to guide anal-
ysis and decision; Biltgen11 introduced an architecture that
comprises SoS level, system level and subsystem level; Talley
and Mavris18 proposed a robust conceptual design method
and divided SoS problem into top operational environment
and scenario (OES), base level and intermediate levels.
Hierarchical architecture can help classify various problems
encountered in an SoS operation into corresponding levels and
clearly show the connection between each level. However,
when an SoS operation is extremely complex, it is difficult to
perfectly present the relationship between each factor by hier-
archical architecture. Therefore, de Laurentis and Callaway17
conducted subsystem division at every level from different
aspects such as resources, operations, policy and economics,
and the Department of Defense Architecture Framework
(DoDAF)19 describes SoS problem through different views.
However, modeling individual units in base level, which is usu-
ally in large amount, is also an immense project.Another significant fact is that most systems in an SoS
operation do not always interact with other systems indepen-
dently. In other words, some systems often behave as a group
and connect with other groups or systems from the perspective
of the whole group. Actually, it is a common phenomenon in
human society. For instance, according to the concept of SoS,
a single person could be regarded as a basic element at the base
level. But it will be a difficult task to build every person as an
individual model if a whole city is investigated. However, a sin-
gle person usually belongs to a group, like a company, a school
or a government department, and it is reasonable to use one
model to describe several persons belonging to one group when
a whole city is considered as an SoS. The similar properties
also occur in nature, like the division of labor among leafcutter
ants.20 In this paper, the group with similar systems is defined
as system community (SC).
The first step of NUHYS is grouping systems and building
SC according to their similarities. For a complicated SoS, the
following criteria should be met to build an SC:
(1) Independence of members of SC. Each member of an SC
is an independent system that can operate on its own.
Independence of systems in an SoS is an essential char-
acteristic, so independent system is the basic unit of an
SC. Although many systems could be broken down into
subsystems or performance parameters, they cannot
operate independently, thus they are not qualified to
be defined as members of an SC.
(2) DiversityofSCscale.Due to thedifferentgroupcharacter-
istics amongSCs, anSCcould eitherbea small community
which contains a few systems with simple links or a large
one with complicated links among many systems, or even
theSC itself is anSoSwhichconforms to thefivecharacter-
istics proposed by Maier.2 There is one noteworthy point
that one single system cannot constitute an SC.
(3) Incomplete coverage of SC. A complex SoS may contain
a number of SCs, and could be covered by as many SCs
as possible. However, it is unnecessary to incorporate all
systems in SC due to the existence of relatively indepen-
dent system (RIS). The term ‘‘relatively” is used in RIS
because if a system is totally isolated and has no connec-
tion with others, it should be ruled out of SC or even SoS.
(4) Common interests of members of an SC. The members
of an SC could interact with other SCs or systems, but
the more important fact is that they share collective con-
nections and interactions with the outside, which is also
the most significant principle to determine SCs.
(5) Dynamic of SCs. The members of a complex SC are not
fixed, implying that they could change over time, such as
increasing in number, moving to another SC or vanish-
ing from the SC.
(6) Non-uniqueness of SC division. Non-uniqueness results
from multiple attributes of member systems. For
instance, a person is an employee of Company A and
also belongs to University B as an alumnus at the same
time. The grouping of SC should not be affected by a
specific member system, which means an SC is feasible
as long as it conforms to the five rules above.
In contrast with the architecture in Ref.21 (see Fig. 1(a)), a
new architecture of SoS can be obtained through grouping
(Fig. 1(b)). It is not hard to tell from the comparison that focus
Fig. 1 Comparison of architectures of system-of-systems (SoS).
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RISs, which will reduce the workload of modeling effectively.
In addition, the new architecture does not violate the hierarchi-
cal architecture since any system belonging to SC, including its
subsystems and performance parameters, can also be classified
into other kinds of levels.Fig. 2 Quantitative process of contributors.2.2. Categorizing SCs and RISs
The second step of NUHYS is to categorize SCs and RISs,
which are collectively referred to as ‘‘Contributors” since both
of them make contributions to an SoS operation. In NUHYS,
two parameters, contributors complexity (CC) and focus rela-
tionship (FR), are introduced as the criteria of categorization.
CC is determined comprehensively by scale of contributor
members, connection of members, intelligence of members
and the frequency of variation of member systems. The expres-
sion is shown as
CC ¼ fðSm;Cm; Im;FmÞ ð1Þ
where Sm denotes scale of members, Cm connection of mem-
bers, Im intelligence of members and Fm frequency of variation.
FR is defined as the correlation between contributors and the
focus of SoS. The expression of FR is given here.
FR ¼ hðIS; IFÞ ð2Þ
where IS is the interaction scale between contributors and the
focus, and IF is the interaction frequency. If a contributor has
an impact on the focus directly, FR will be higher. With the
two parameters, each contributor could be expressed as coor-
dinates, such as SC (CC, FR). The specific quantitative process
of coordinates is shown in Fig. 2 and Eqs. (3) and (4). Acc and
BFR are the matrice of CC and FR. CC and FR should be
scored through evaluating the level of each attribute. If the
number of contributors is small, three-level evaluation may
be enough. If the number is large, five-level evaluation is more
suitable to distinguish them. Taking three-level evaluation as
an example, each attribute of CC and FR is evaluated as
low, middle or high level based on their characteristics. Each
level which is represented as a symbol in Fig. 2 has a score.
For instance, low level is 1 point, middle level is 2 points
and high level is 3 points. Meanwhile, each attribute has a
weighting factor, which is expressed as k or h. The weighted
sum of attributes’ scores represents CC or FR. Based on the
coordinates, SCs and RISs could be categorized into the four
quadrants of the contributors categorizing graph (CCG, seethe bottom of Fig. 2). The quadrants are divided by the mid-
values of CC and FR.
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77775 ð4Þ2.3. Categorizing modeling methods
Categorizing different modeling methods is a fundamental part
in NUHYS. As mentioned in the introduction section, many
modeling theories and methods about SoS problem have been
established so far. In order to match them with different
contributors, a simple way is putting them into a modeling
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based on the characteristics of each contributor. However, this
way lacks guidance of practical operation. The authors also
tried to categorize methods according to abstraction level of
modeling, but categorizing only based on one parameter is
rather limited due to the diversity of modeling methods. Thus
in this paper, modeling methods are categorized based on two
parameters, dynamic attention rate (DyAR) and details atten-
tion rate (DeAR). DyAR describes the macroscopic dynamic
changes of variables and systems. DeAR describes the details
of models and behavior. A ‘‘bottom-up” modeling method
tends to have a higher DeAR, while the DyAR of a ‘‘top-
down” method may be higher. Then modeling methods could
also be expressed as coordinates, such as (Dy, De).
The specific quantitative process is shown in Eqs. (5) and
(6). The calculative process is similar to categorizing contribu-
tors. CDy and DDe are the matrice of DyAR and DeAR. Here
take five-level evaluation as an example. The attributes of
modeling methods are evaluated as five levels, and the scores
of each level are 1, 2, 3, 4 and 5 points respectively. In the
two equations, dv represents the dynamic changes of variables,
ds dynamic changes of systems, dm details of models and db
details of behavior. Fig. 3 shows the scores of four modeling
methods. Here the weighting factors are set as 1 to 2. The coor-
dinates of agent-based modeling are (13, 15) because they have
a high DeAR and DyAR. The coordinates of discrete event
modeling are (8, 14) because they are more suitable to describe
a system with a strong time sequence and logic. The coordi-
nates of analytic method are (6, 3) because they usually
describe system with analytical formulas or statistical data.
The coordinates of system dynamics are (15, 4) because they
are usually used to describe a macroscopic problem. Then they
could be categorized into the four quadrants of the modeling
methods categorizing graph (MCG, see the bottom of
Fig. 3). Some other modeling methods could also be scored
based on this process. And with multi-disciplinary integration,
more and more hybrid modeling methods will be proposed
such as integrating agent-based simulation and system dynam-Fig. 3 Quantitative process of modeling methods.ics.22 Hybrid modeling methods can be scored based on the
mixing degree. For example, Point MP5 in Fig. 3 is a mix of
system dynamics and agent.
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77775 ð6Þ2.4. Matching in NUHYS
Integrating Figs. 2 and 3, NUHYS matching graph can be
obtained (see Fig. 4). The four quadrants of CCG correspond
to the quadrants of MCG in location. The lines which connect
the points of relative quadrants represent the chosen methods
for different SCs and RISs. For instance, if both CC and FR of
a contributor are high, modeling methods with high DeAR
and DyAR are recommended. On the contrary, if CC and
FR are both low, modeling methods with low DeAR and
DyAR are recommended.
The core idea of NUHYS is to match contributors and
modeling methods appropriately, which means complex mod-
eling methods with a high computing cost should be matched
with the most relevant parts to the focus of an SoS operation,
while simple modeling methods with a low computing cost
should be matched with the parts which take subsidiary func-
tion. After non-uniform hybrid, the modeling complexity of
different SCs and RISs will be obviously different. This is help-
ful for technology assessment and trade studies, where it is
usually necessary to change one or multiple variables in one
system, or multiple variables in several systems so as to study
the impact of these variables on systems. Thus, under the con-
dition that architecture of SoS and modeling strategy of each
SC and RIS keep the same, NUHYS can help decision-
makers judge pros and cons of changing a variable or a couple
of variables, which is critical for decision making.Fig. 4 NUHYS matching graph.
Fig. 5 Graph of NUHYS procedure.
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described as ‘‘3 + 1” shown in Fig. 5. ‘‘3” represents grouping
contributors, categorizing contributors and matching contrib-
utors with modeling methods. And ‘‘1” represents categorizing
modeling methods—this part is independent, because it does
not pertain to a specific SoS operation and can be regarded
as a basic and continuous work.
After architecting a flight vehicle focused SoS operation
and matching related modeling methods based on NUHYS,
the next step is to model SCs and RISs according to corre-
sponding methods and achieve interaction through the infor-
mation flow between SCs and RISs. Furthermore, simulation
of different contributors will be conducted based on the same
timeline to make technology assessment and evaluation.
3. Application of NUHYS to helicopter rescue in earthquake
relief
3.1. Characteristics of helicopter rescue and basic assumptions
Helicopter plays an important and unique role in a variety of
natural disaster relief, especially large-scale disaster relief. For
earthquake relief, due to the damage of roads, it is often diffi-
cult for land vehicles to reach target areas in time,23 while heli-
copter can quickly respond and adapt to different complex
terrains. Therefore, the optimization of a helicopter rescue
plan and evaluating the effect of a new helicopter’s perfor-
mance on potential disaster rescue operations are always con-
cerned by decision-makers.
In the helicopter rescue mission, the basic variable is
demands of disaster areas and the purpose is to decide a rescue
plan to fulfill the demands. First, decision-makers must obtain
the demands of different disaster areas. Then, they must ana-
lyze whether current helicopters in airports could satisfy the
demands. So the gap between demands and relief supplies is
needed. If current helicopters cannot finish mission in time,
decision-makers should study how to improve it, such as calcu-
lating the minimum number of helicopters or load capacity so
that they can request helicopters from other airports quickly.
Thus some sensitivity analysis data of helicopter parameters
are needed.
However, earthquakes are hard to predict. The location,
magnitude and time of occurrence are unknown before it hap-
pens. If decision-makers want to make a helicopter rescue plan
quickly, the rescue simulation must have a high calculating
speed and the results should be accurate enough. If all models
are built with the same modeling method, the simulation
might be too simplified to get relatively accurate data or socomplicated that it will take too much time and cost in model-
ing and operating. Both situations are unacceptable. So it is
necessary to apply two or more modeling methods to this
problem for maximizing time and computational resources
and saving cost. This process could be driven by NUHYS.
NUHYS will provide a strategy to analyze the architecture
of helicopter rescue problem and establish the model more
effectively. Meanwhile, it provides a faster simulation and
evaluation speed for decision-makers to obtain mission data
and optimal data.
In general, helicopter rescue mission includes four main
components, i.e., helicopter system, disaster area system, air-
port service system and weather system. Each part operates
independently as well as interacts with each other. It is rather
difficult to build detailed models for all components in this
SoS. However, because the purpose is to make a helicopter res-
cue plan, a simplified model established based on NUHYS is
better.
For a better explanation of NUHYS, some abstraction and
simplification are made as follows:
(1) Helicopter rescue mission is to transport relief supplies
to disaster areas.
(2) Helicopters in the simulation are of the same type.
(3) The case that some helicopters withdraw from the rescue
due to breakdown is not considered.
(4) The casualties caused by the aftershock and other acci-
dents will not be taken into account.
(5) Helicopter rescue operation lasts from the first day to
the seventh day after earthquake, and the ground trans-
portation cannot be carried out due to the damaged
roads in this period.
3.2. Application of NUHYS procedure
When analyzing an SoS operation based on NUHYS, the first
step is to group different systems. In this SoS operation, a sin-
gle helicopter is an independent system, but all helicopters
serve for transporting relief supplies as a whole. So helicopters
should be regarded as an SC.
After earthquake, survivors usually disperse to different
open fields and form safety zone groups distributed through-
out the disaster areas. Different safety zones could communi-
cate with each other or merge into larger ones, thus each
zone could be regarded as a system. Meanwhile, all safety
zones as a whole show the characteristic that they need relief
supplies, so all the safety zones in a disaster area could be
grouped as an SC.
In the airport service process, maintenance personnel, fuel
loading system and cargo loading system operate indepen-
dently but perform the function of providing service for heli-
copters collectively. So the whole airport system could be
regarded as an SC.
By contrast, the weather system is relatively independent.
Although it interacts with other systems, it does not belong
to a particular SC or another system. So the weather system
is regarded as a RIS. Based on the above analyses, the architec-
ture of this operation can be obtained (see Fig. 6).
Secondly, SCs and RISs should be categorized by analyzing
CC and FR of each contributor. The quantitative process is
shown in Eqs. (7) and (8) and Fig. 7. In this example, the
Fig. 6 Architecture of helicopter rescue operation.
Fig. 7 Quantitative process of four contributors.
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important in the modeling process. The coordinates of disaster
area SC are (12, 2) located in CCG-S4, and a high CC is due to
large numbers of members, complex relationship between
members and high intelligence of members, but FR is low
because its interaction with mission focus is mainly based on
demands. The coordinates of airport SC are (7, 5) located in
CCG-S2, because the service process in airport is usually fixed
but service resources and service time directly affect mission
effectiveness of helicopters. The coordinates of helicopter SC
are (10, 6) located in CCG-S1, because helicopters have a high
autonomy, and meanwhile mission effectiveness is directly
related to helicopters, such as the number, load capacity, cruise
speed, etc. At last, weather RIS has low CC and FR. It can be
regarded as an external factor influencing the mission. For
instance, the fog leads to the change of helicopters’ routine.
Thus its coordinates are (4, 2) located in CCG-S3.Acc ¼
3 3 3 3
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After categorizing SCs and RIS, the final step is to match
contributors with modeling methods (see Fig. 8). System
dynamics is used to model disaster area SC, ignoring details
and focusing on the dynamic change of demands. Discrete
event modeling is suitable for the airport SC in order to
describe the process of airport service. Helicopter SC is mod-
eled based on agent to reflect autonomy and reactivity of heli-
copters. Weather system could be described as a probability
distribution according to statistical data. The detailed model-
ing procedure of each contributor will be presented in the fol-
lowing section.Fig. 8 Matching contributors with modeling methods.
Table 1 Relationship between seismic intensity and house
collapse rate.
Seismic intensity I >8 7–8 6–7 5–6
House collapse rate ghcr >0.7 0.5–0.7 0.2–0.5 <0.2
Table 2 Population density correction factor.
Population density q (person/km2) <50 50–200 200–500 >500
Correction factor fq 0.8 1.0 1.1 1.2
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4.1. System dynamics modeling of disaster area SC
The system dynamics model of disaster area SC can intuitively
show the causality and feedback between variables, shifting the
focus from equations and data to transmission direction of
data and system structure. Fig. 9 shows the stock-flow model
of disaster area SC. In this SC, survivors, consumption and
casualty are all abstracted as convergent variables and their
functional relations motivate the changes of demands.
To estimate the severity of the earthquake and casualty, a
series of empirical formulas used for seismic belt in southwest
China proposed by Wu et al.24, which has been applied to
roughly assess Wenchuan earthquake and Yushu earthquake,
is employed in present paper. The estimation formula for seis-
mic intensity is shown as
Ia ¼ 7:3568þ 1:2780M 5:0655 lgðRa þ 24Þ
Ib ¼ 3:9502þ 1:2780M 3:7567 lgðRb þ 9Þ

ð9Þ
where a and b represent the semi major axis and semi minor
axis of the elliptical isoseismal line, respectively; M is earth-
quake magnitude; Ra and Rb denote the distance from epicen-
ter in km; Ia and Ib denote seismic intensity of the isoseismal
line.
The estimation formulas for casualty are shown as
lgudr ¼ 9:0g0:1hcr  10:07 ð10Þ
Sd ¼ ft fqudrS ð11Þ
Ss ¼ S Sd ð12Þ
where udr is the death rate; ghcr is the house collapse rate (the
area ratio of collapsed houses to all houses), the empirical
value of which is shown in Table 1; S the total population;
Sd the death toll after correction; Ss the total number of sur-
vivors; fq the population density correction factor, the empiri-
cal value of which is shown in Table 2; ft the time correction
factor, the empirical value of which is shown in Table 3 (TheFig. 9 System dynamics movalue in Table 3 represents the correction factor of night when
that of daytime is taken as 1).
The demands for relief supplies are divided to two types:
consumable demands (such as food and water) and nonex-
pendable demands (such as tents and clothes). The correspond-
ing formulas are simplified from Ref.25:
dQcd
dt
¼ NpccSs ð13ÞQnd ¼ NpcnSs ð14ÞQsum ¼ Qcd þQnd ð15ÞQg ¼ Qsum Qht ð16Þ
where Npcc is the consumable demands per capita per hour; Qcd
the integral of the consumption rate; Npcn the per-capita non-
expendable demands; Qnd the total nonexpendable demands;
Qsum the total demands in disaster area SC; Qg the gap between
supply and demand, which is obtained by subtracting the relief
supplies Qht delivered by helicopters from the total demands
Qsum. The gap Qg will drive the rescue behavior of helicopter
SC.deling of disaster area SC.
Table 3 Time correction factor.
Seismic intensity 6 7 8 9 10
Time correction factor ft 17 8 4 2 1.5
Non-uniform hybrid strategy for architecting and modeling flight vehicle focused system-of-systems operations 1674.2. Discrete event modeling of airport SC
Fig. 10 shows the discrete event modeling of airport SC includ-
ing preparing for refueling, refueling, checking after refueling,
loading, overall check, maintenance, etc. The interaction
between airport and helicopters mainly concentrates on the
allocation of resources during refueling and loading. Since fuel
trucks and pumps are limited, all helicopters cannot be refu-
eled at the same time. Similarly, loading service can only be
provided for limited helicopters each time. Therefore, two vari-
ables, fuel-resource and load-resource, are introduced to
describe the limitations of airport resources. Different airports
have different resources and capacities of services.
It is premised that helicopters completing preparations first
will be refueled first while the others queue up to get refueled,
and the number of helicopters getting refueled at a time is
determined by the airport resources. In terms of refueling time,
a normal distribution is assumed to describe it since there are
sufficient samples. The refueling time is expressed as normal
(min, max, mean, sigma) in which the variables representFig. 10 Discrete event m
Fig. 11 Behavior proceduminimum value, maximum value, mean value and standard
deviation, respectively. However, there are not enough samples
of loading time because disaster relief is an emergency trans-
portation task, thus loading time is regarded as a triangular
distribution, expressed as triangular (min, max, mode), in
which mode represents the value with maximum probability.
The whole process of ground service is cyclic so as to provide
continuous service for helicopters.
4.3. Agent-based modeling of helicopter SC
In general, the behavior of helicopter agents is divided into two
parts, task analysis and rescue operation. Fig. 11 shows the
detailed process of the behavior of helicopter agents. First,
helicopter agents receive the data of demands from disaster
area SC. And then they make decisions based on related rules.
Finally, helicopters will be allocated to different areas. In pre-
sent paper, the number of helicopters which are allocated to a
certain disaster area SC is decided by the percentage of
demands. The rules of allocation are not fixed, i.e., more rules
can be added based on specific terrain and situation.
Helicopter agents have various attributes, among which
three variables, number of helicopter agents, cruise speed
and load capacity, are chosen to study their influence on earth-
quake relief. More variables could be added according to the
requirements of research work. For a single helicopter agent,odeling of airport SC.
re of helicopter agents.
168 Y. Tian et al.it has five behavior states: idle state, forward state, rescue state,
backward state and maintenance state. The behavior of each
state represents accepting airport service, flying to disaster
areas, unloading supplies, returning to airport and accepting
maintenance for the next task, respectively. If a helicopter
agent finishes the behavior corresponding to its current state,
it will switch to the next state for new behavior. It should be
mentioned that helicopter agents also need to react to the envi-
ronment. For instance, they will choose prior path under nor-
mal condition; however, when encountering heavy fog, they
will choose new path to bypass the fog area.
4.4. Modeling of weather RIS
Weather RIS has a direct influence on helicopters. In adverse
weather conditions, helicopters will have to choose new paths
or stop current mission until the weather gets better. The influ-
ence of weather RIS on helicopters can be simplified and
described as time, location and probability of occurrence
despite its complexity.
In the present paper, the fog is chosen as the main stochas-
tic factor, occurring in accordance with the probability during
simulation. To simplify the model, the number of fog areas
here is set as 3 and they are placed on initial paths. The time
of occurrence is described as uniform distribution, which is
expressed as uniform (min, max). It means the fog may appear
in the related timeline with equal probability. However, the
duration of fog is expressed as a normal distribution formed
by the statistical data of this area.
5. Simulation results and trade-off
5.1. Simulation results under initial condition
After grouping and categorizing the whole SoS based on
NUHYS, the modeling contents and modeling method of eachTable 4 List of main inputs.
Variable name Description
M Earthquake magnitude
Ra1 Distance from epicenter to Area A
Ra2 Distance from epicenter to Area B
S1 Population of Area A
S2 Population of Area B
ghcr1 House collapsed rate of Area A
ghcr2 House collapsed rate of Area B
ft Time correction factor
fq Population density correction factor
Npcc Per-capita consumption per hour
Npcn Per-capita nonexpendable demand
Nh Number of helicopters
Vcs Cruise speed
Wh Load capacity
Tf Duration of refueling
Tl Duration of loading
Tbw Occurred time of bad weather
Td Duration of bad weather
Nf Number of fog areascontributor become clear. Without significantly affecting the
precision of simulation, NUHYS can reduce time and cost in
modeling and simulation process. In this example, the whole
rescue operation in reality lasts 168 h, but it takes only 0.9 s
to run a simulation by a personal computer with mainstream
configuration (2.6 GHz CPU, 4G RAM). Table 4 shows main
input variables of disaster area SC (two SCs that are denoted
as Area A and Area B), airport SC, helicopter SC and weather
RIS in this SoS operation.
Fig. 12 gives two scenes of specific disaster areas with high
seismic activity in Sichuan province, China. Fig. 12(a) shows a
snapshot in normal weather and Fig. 12(b) shows a snapshot
in foggy weather. The disaster areas which need to be assisted
are marked by red targets and the demands for relief supplies
are marked by red texts. The green house represents the airport
and the green words describe the number of helicopters in dif-
ferent operation states. The patterns of clouds represent the
fog areas.
The simulation results are shown in Fig. 13 and Table 5.
Fig. 13 shows the demand variation of disaster areas in
7 days. In Fig. 13, the horizontal coordinate is the time in
h and the longitudinal coordinate is the weight in kg. The
green curve shows the total demand variation (Qsum) in dis-
aster areas, the red curve shows the relief supply variation
(Qht) and the blue curve shows the gap variation (Qg).
Table 5 shows some specific data of the three outputs in
different points in time. From them, it can be seen that
the gap between demands and relief supplies gets bigger
and bigger. It is because the helicopters in airport are unable
to satisfy the mission requirement. The reason may be that
the number of helicopters is too small, or the load capacity
and cruise speed of helicopters are not enough. Then
decision-makers should find a solution to decrease the gap
through analyzing the impact of helicopter parameters on
the gap. The sensitivity analysis is an effective way to obtain
related data.Value Unit
7
100 km
150 km
60000
90000
0.6
0.6
1
1.1
0.25 kg
6 kg
20
200 km/h
4000 kg
Normal (15,18,17,1) min
Triangular (10,15,18) min
Uniform (24,48) h
Normal (1,20,5,15) h
3
Fig. 12 Typical snapshots during simulation.
Fig. 13 Demand variation with initial helicopters.
Table 5 Demand variation data over time.
Time (h) Qsum(A) (kg) Qht(A) (kg) Qg(A) (kg) Qsum(B) (kg) Qht(B) (kg) Qg(B) (kg)
0 354215 0 354215 531323 0 531323
24 702394 268000 434394 1053592 352000 701592
48 1050573 560000 490573 1575859 760000 815859
72 1398751 820000 578751 2098127 1124000 974127
96 1746929 1080000 666929 2620394 1532000 1088394
120 2095109 1316000 779109 3142663 1880000 1262663
144 2443287 1592000 851287 3664931 2248000 1416931
168 2776958 1836000 940958 4165437 2616000 1549437
Table 6 Range and step of parameters.
Variable Description Low bound Up bound Step Unit
Nh Number of helicopters 28 32 1
Wh Load capacity 4000 6500 500 kg
Vcs Cruise speed 150 250 50 km/h
(Nh,Wh) Compound variables (4000, 23) (5000, 25) (500, 1)
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The purpose of sensitivity analysis is to find a solution through
changing some helicopter parameters if current helicopters areunable to finish mission in time. Before conducting the sensi-
tivity analysis, decision-makers should first set the parameter
range and the step length shown in Table 6. Then simulations
are running repeatedly according to the range and step length
170 Y. Tian et al.in order to find a suitable value from the range. Fig. 14 shows
the sensitivity analysis results of different parameters. In
Fig. 14, the horizontal coordinate represents the time in h,
and the longitudinal coordinate represents the gap Qg in kg.Fig. 14 Sensitivity analFig. 14(a) is the sensitivity analyses of the number of heli-
copters N. Because the value of the gap in Fig. 13 is too large,
the range is set as 28–32. The results show that if the number of
helicopters increases to 31, the demands of two disaster areasysis of helicopter SC.
Fig. 15 2D terrain of survivors.
Table 7 Comparison between two methods.
Parameter Agent-based
modeling
System
dynamics
Computer
configuration
2.6 GHz CPU
4G RAM
2.6 GHz CPU
4G RAM
Software Anylogic AnyLogic
Minimum unit One person Whole group
Number of unit 30 1
Considering terrain Yes No
Modeling time 3 days 0.5 h
Simulation time 24 h 24 h
Demands 357.817 kg 360 kg
Run time 6.9 s 0.2 s
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request 11 more helicopters from other airports.
Fig. 14(b) is the sensitivity analysis of load capacity W.
From the curves, it can be seen that the mission effectiveness
is very sensitive to load capacity. If load capacity reaches
6000 kg, the rescue operation is nearly accomplished in the
7th day. Moreover, if adding another 500 kg, the rescue oper-
ation can be accomplished in the 5th day. So decision-makers
may consider choosing helicopters with a larger load capacity,
such as 6000 kg, for rescue mission.
The sensitivity of cruise speed V is shown in Fig. 14(c),
from which it can be seen that increasing cruise speed benefits
mission effectiveness little, compared with number of heli-
copter or load capacity. The gap still gets bigger and bigger.
Even if cruise speed increases to 250 km/h, the demands of dis-
aster areas still cannot be satisfied. It is because the distance is
not very long, so increasing speed cannot save much time.
Thus, just increasing cruise speed may not solve rescue
problem.
Fig. 14(d) is the sensitivity analysis of the combination of
number of helicopters and load capacity. It can be seen that
if the number of helicopters reaches 25 and the load capacity
reaches 5000 kg, the task will be completed within 6 days. It
will be another solution to the helicopter rescue plan. Through
the combination of different parameters, decision-makers can
make a more flexible plan according to resources.
The sensitivity analysis are not limited to the three param-
eters above, and the impacts of some parameters of airport SC
or disaster area SC are also worth a further study. Decision-
makers could get optimal solutions based on specific mission
environment.
5.3. Benefits of NUHYS
In the whole analysis process, NUHYS plays a significant role
in dealing with the complex helicopter rescue problem in earth-
quake relief. It not only helps decision-makers to architect and
model helicopter rescue mission, but also provides a faster sim-
ulation and optimization speed. From the perspective of model
complexities, NUHYS handles SoS problems through match-
ing contributors with different modeling methods, which leads
to a reasonable simplification of components. And it is neces-
sary to apply NUHYS to simplify SoS model. For instance, if
decision-makers want to create the model of disaster areas to
gain the real-time demands, agent-based modeling and system
dynamics are alternative. The former one is more accurate but
needs more time and workload. As Zhang et al.23 stated in
their paper about earthquake rescue mission based on agents,
the environment of disaster areas has an impact on helicopter
rescue, so the terrain should be created. They emphasized that
the modeling process was very difficult, thus the terrain was
built by the game engine tool of Unity3D. Besides terrains,
each survivor should be modeled as an agent. From related lit-
eratures,26–28 it is easy to see that it is a much more compli-
cated process to establish the behavior of survivors such as
escaping, gathering and interaction and set their behavior rules
logically.
However, according to the analysis of NUHYS, system
dynamics is more appropriate to match this component. Here
take 30 survivors that work in a company in disaster area SC
as an example. Both the agent model and system dynamicsmodel of the example are built in software AnyLogic in a per-
sonal computer with mainstream configuration (2.6 GHz
CPU, 4G RAM). The 2D terrain is shown in Fig. 15 and a
comparison between the two methods is shown in Table 7.
The results show that the demands of survivors in two models
are almost the same. However, it is easy to see that it will take
much more time and workload in modeling process based on
agent-based modeling. And meanwhile the run time also
becomes longer. So agent-based modeling is not suitable for
this problem, especially when there are thousands of survivors
in disaster areas. So in this paper, system dynamics is chosen as
the modeling method of disaster areas based on NUHYS. The
key purpose of the proposed approach is that more resources
should be spent on the focus of SoS problem through matching
contributors with appropriate modeling methods.
6. Conclusions
This paper gives detailed illustration of concept and three steps
of NUHYS, i.e., grouping contributors, categorizing contribu-
tors and matching contributors with modeling methods.
Meanwhile, helicopter rescue in earthquake relief is taken as
an example to verify the effectiveness of NUHYS in architect-
ing and modeling flight vehicle focused SoS operations.
It could be seen that a core view of NUHYS is to build SC
based on SoS architecture through analyzing the characteris-
tics of an SoS operation and its contributors comprehensively.
And then on the premise of not significantly affecting the
172 Y. Tian et al.precision of the simulation model of the focused flight vehicle,
each contributor is matched with the most suitable modeling
method for optimal resource allocation to reduce the time
and cost of M&S.
It is evident that NUHYS still needs continuous improve-
ment. For instance, more modeling methods should be investi-
gated and added to MCG, so that it can supply more abundant
choices when matching contributors with modeling methods,
as well as enable the application of NUHYS to more flight
vehicle focused SoS operations.
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